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a b s t r a c t 
Fracture arrest in layered rock sequences is important in many geodynamic processes, such as dyke-fed volcanic 
eruptions, earthquake ruptures, landslides, and the evolution of plate boundaries. Yet it remains poorly under- 
stood. For example, we do not fully understand the conditions for dyke arrest (preventing potential eruptions) or 
hydraulic-fracture arrest in gas shales (preventing potential aquifer pollution). Here we present new numerical 
results on the conditions for arrest of fluid-driven (mode-I) vertical fractures in layered rock sequences when the 
tips of the fractures approach the interface between two layers of contrasting mechanical properties. In particular, 
we explore the stress-field effects of variations in layer stiffness, proximity of fracture tip to layer interface, and 
layer thickness. When the layer hosting the fracture tip is stiffer, fracture arrest normally occurs at the interface 
with the more compliant layer. By contrast, when the layer above the interface is stiffer, fracture arrest may occur 
within the host layer well below the interface. These conclusions are supported by field observations of arrested 
fluid-driven joints and dykes and, therefore, provide a better understanding of the mechanical conditions for 
dyke-fed eruptions. 
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2. Introduction 
Understanding and forecasting the conditions leading to propagation
r arrest of fractures in crustal segments composed of contrasting lay-
rs is a fundamental unsolved problem in Earth Sciences. The solution
f this problem is of great importance because fractures largely con-
rol key processes in fields such as volcanology, seismology, engineer-
ng geology, hydrogeology, and petroleum geology. Most rock fracture
ropagation models assume that the crustal segment hosting the frac-
ure is either isotropic and homogeneous (i.e. non-layered), or, at most,
omposed of only a few layers or units ( Segall, 2010 ). For most vol-
anic eruptions to occur, however, a fluid-driven fracture, a dyke, must
e able to propagate through numerous crustal layers and interfaces
rom its source magma chamber to the surface ( Gudmundsson, 2016 ,
020 ). Thus, the mechanical conditions that allow a propagating dyke
o successfully penetrate all the layers ahead of it, rather than become
rrested, provide one of the main controls on whether an eruption oc-
urs or not. Also, man-made hydraulic (fluid-driven) fractures are com-
only used to increase the permeability of fluid-filled reservoirs of var-
ous types. Such fractures propagate in a manner that is mechanically
nalogous to that of dykes, particularly the vertically oriented hydraulic
ractures that are commonly generated to increase permeability in un-∗ Corresponding author. 
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onditions for arrest of such fractures are also analogous to that of
ykes. Improved understanding of the conditions for arrest of mode-I
extension) fractures in volcanoes is therefore necessary to increase the
eliability of eruption forecasting, and reduce the potential associated
azards. Similarly, improved understanding of the conditions for arrest
f man-made fractures in unconventional reservoirs is important so as
o maximise resource production, but also to reduce the likelihood of
nduced seismicity and aquifer contamination. 
Fluid-driven fractures (which include dykes and hydraulic fractures)
re predominately extension fractures and hence modelled as mode-I
ractures ( Gudmundsson, 2011 ). For a mode-I fracture to propagate both
he minimum principal stress ( 𝜎3 ) and the tensile fracture resistance
strength or toughness) of the material need to be overcome. If at any
oint these conditions are not met the fracture becomes arrested. In or-
er to understand the fundamental conditions that promote fluid-driven
racture arrest in geological sequences, it is necessary to understand the
arameters that alter the magnitude and distribution of tensile stress at
he fracture tip. 
Whilst there have been many studies on fluid-driven fracture
ropagation in geological sequences ( Chandler, 2014 ; Lee et al.,
015 ; Chandler et al., 2016 ; Ghani et al., 2015 ; Kavanagh et al.,20 
e CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. (A) Dyke in Tenerife, Canary Islands, which propagated through a compliant (low Young’s modulus) tuff (pyroclastic) layer towards a stiffer (higher Young’s 
modulus) lava flow. Here the thickness (palaeo-aperture) of the dyke is 0.25 m at the bottom of the exposure, and it thins towards the tip, where the dyke was 
arrested before reaching the interface with the stiff lava. (B) Series of joints in a interbedded limestone (Lst) (stiff) and shale (compliant) sequence at Nash Point, 
South Wales, UK. The thicker shale bed is approximately 0.3 m. Within the centre of that shale bed one of the joints is arrested before reaching the stiffer limestone 
above, whereas other joints have propagated through the whole sequence or become arrested at the interface between the two layers. (C) and (D) are schematics of 
(A) and (B), respectively, where black lines depict interfaces between different rock units and red lines depict the outline of the dyke in (C) and the joints in (D). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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t  017 ; Montgomery et al., 2010 ; Yao, 2012 ; Virgo et al., 2014 ;
isher and Warpinski, 2012 ; Kavanagh et al., 2015 ; Tang et al.,
018 ; Gudmundsson et al., 2010 ; Barnett and Gudmundsson, 2014 ),
oth using analytical ( Kavanagh et al., 2015 ; Kavanagh et al., 2017 ;
avanagh et al., 2013 ) and numerical modelling techniques ( Virgo et al.,
014 ; Ghani et al., 2015 ; Zhao et al., 2017 ), the conditions controlling
racture arrest have not received nearly as much attention. Furthermore,
any studies on fracture propagation do not fully represent the hetero-
eneous (i.e. layered) nature of the crust, even though many crustal
egments are known to be heterogeneous. 
The studies that do consider the influence of crustal heterogeneity
nclude data taken from field observations, laboratory experiments, and
nalytical and numerical models ( Kavanagh et al., 2015 ; Barnett and
udmundsson, 2014 ; Teufel and Clark, 1984 ; Maccaferri et al., 2011 ;
onafede and Rivalta, 1999 ; Maccaferri et al., 2010 ; Taisne et al., 2011 ;
aisne and Jaupart, 2009 ; Kavanagh et al., 2013 ; Gudmundsson et al.,
002 ; Geshi et al., 2012 ; Brenner and Gudmundsson, 2004 ; Larsen and
udmundsson, 2010 ; McGinnis et al., 2017 ; Smart et al., 2014 ;
ouma et al., 2019 ) and they generally suggest that such heterogeneity
oes affect fracture propagation. In volcanology, some authors attribute
yke arrest to either a negative buoyancy contrast between the magma
nd the host rock, or an insufficient supply of magma from the originaleservoir ( Maccaferri et al., 2011 ; Taisne et al., 2011 ). In a more general
ense (but which also includes volcanology), most studies that consider
rustal heterogeneity find that fractures become arrested at contacts, or
nterfaces, between layers of contrasting mechanical and elastic prop-
rties, regardless of buoyancy effects ( Gudmundsson, 2011 ). Generally,
here are three contact mechanisms that influence fracture arrest which
re: Cook-Gordon debonding (delamination), stress barrier and elastic
ismatch. A complete explanation of each mechanism is provided in
he Supplementary Information and can also be found in Gudmundsson
 2011 , 2020 ). 
However, there have been numerous field observations which indi-
ate that mode-I fractures can also become arrested before reaching the
nterface or contact between different layers ( Fig. 1 ). The above three
echanisms may then not be sufficient to fully explain these observa-
ions in which case new models are needed. The focus of this study is,
ence, to understand how fractures can become arrested prior to meet-
ng an interface between heterogeneous rock layers or units. 
The example illustrated in Fig. 1 A is a basaltic dyke on the island
f Tenerife, Canary Islands, whose palaeo-aperture (thickness) is ap-
roximately 0.25 m at its base and thins towards the tip. The stiffness
Young’s modulus) of the tuff layer hosting the dyke is much lower than
hat of the lava flow above the tuff. In this section, the dyke became
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
Fig. 2. (A) Model setup. The model is 300 × 300 m in vertical cross-section – made so large to avoid any edge effects on the results. The 10 m long (dip dimension) 
fracture is fully contained within the middle layer (host layer) which has the same properties as the grey top and bottom layers. The properties of the two green layers 
vary throughout this study. (B) Zoomed-in image with annotations demonstrating which layer hosts the fracture and which is ahead (green). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ow. 
The fractures illustrated in Fig. 1 B occur in an interbedded limestone
nd shale sequence at Nash Point, South Wales. The fracture pattern is
biquitous through the entire sequence and along the several kilome-
res of coastal exposure, and consists primarily of joints (that may or
ay not be fluid driven) and mineral veins which were both formed as
redominantly mode-I fractures. In this example, the limestone layers
re much stiffer (with a higher Young’s modulus) than the shale lay-
rs. In Fig. 1 B three fractures propagate across the sequence. Two of the
ractures cross quasi-vertically through the entire sequence, while one
ecomes arrested within a shale bed, and does not reach the interface
ith the limestone layer above. 
The effect of layering on tensile stress distributions at the fracture
ip prior to meeting an interface between layers has received compara-
ively little attention. Müller (1986) concluded that the stress intensity
actor at a fracture tip decreases when a fracture propagates towards a
tiffer layer, but increases when the fracture propagates towards a more
ompliant layer. However, the effect of layer thickness was not consid-
red, and some other important model parameters were omitted (such as
racture aspect ratio, internal fluid pressure, and the model dimension)
hich makes it difficult to reproduce and apply the results to specific
racture problems. 
To address these problems we present a systematic study of the ef-
ects of mechanical layering on the distribution and amount of ten-
ile stress at the tip of a fluid-driven fracture, using the Finite Element
ethod (FEM). We present a purely static model that considers the con-
itions for fracture arrest but specifically precludes consideration of the
echanics of propagation. In our models, we consider three variables,
amely: (1) Young’s modulus contrast (elastic mismatch) across the in-
erface between two layers; that is, the difference in Young’s modulus
etween the layer hosting the fracture tip and the layer ahead of the frac-
ure tip (above the interface); (2) the normalised distance from the frac-
ure tip to the interface (tip proximity to the interface); and (3) the nor-
alised thickness of the layer ahead of the interface. For the latter two
arameters, the distance and thickness are normalised to the length of
he fracture in the numerical models. One fracture length is 10 m in the
odels presented. The values are normalised so that the analysis can be
pplied to fractures of different sizes. We show that all these parameters
ffect the local tensile stress at the fracture tip, and hence the probability
f fracture arrest. Here, the modelling is confined to extension fractures
mode-I fractures). The results therefore have wide implications for the
rrest of fluid-driven extension fractures and fracture-related processes
uch as dyke-fed volcanic eruptions and hydraulic fracturing. t  The tensile stress at the tip of the fracture depends on the three vari-
bles considered here but also on the dimensions of the fracture. In
ature, many mode-I fluid-driven fractures have a length to aperture
thickness) aspect ratio of approximately 1000: 1 ( Gudmundsson, 2011 ;
eshi et al., 2012 ). We therefore use this aspect ratio for the fractures
n our models where length refers to the dip dimension of a fracture
ather than the strike dimension. Aperture is the size of fracture open-
ng which, for ‘frozen’ or filled fractures such as dykes and mineral veins,
s approximately equal to the measured thickness. 
. Methods 
We used the finite element method software COMSOL Multiphysics
o investigate how layering affects the potential arrest of fluid-driven
ractures such as dykes and hydraulic fractures. The initial model set
p is shown in Fig. 2 . We model the fracture as an elliptical void with
n internal overpressure of 0.05 MPa, which is the only loading pa-
ameter. The use of overpressure (i.e. pressure above 𝜎3 ), rather than
otal fluid pressure, allows us to take into account the effect of in-situ
onditions directly and therefore we do not apply any further loading,
ither gravitational or tectonic. We used this value of overpressure as
t produced tensile stress values at the tip that were in the range of the
ensile strengths of many rocks, i.e. 0.5–9 MPa ( Gudmundsson, 2011 ;
madei and Stephansson, 1997 ). The fracture dimensions were kept
onstant throughout the study with a fracture length of 10 m and aper-
ure of 0.01 m. These values were chosen as they represent an aspect
atio common for many fluid driven fractures ( Gudmundsson, 2011 ;
eshi et al., 2012 ). The overall model size in vertical cross-section is
00 × 300 m so as to avoid any edge effects on the results, with fixed
orners to avoid rigid body translation or rotation. We used a variable
esh with a range of element sizes. The maximum element size is 3 m,
emote from the fracture tip, with the minimum element size of 0.006 m
eing located close to the fracture tip ( Fig. 3 ). 
The model fracture is fully confined to what we refer to as the ‘host
ayer’, which has the following properties: Young’s modulus of 10 GPa,
oisson’s ratio of 0.25 and density of 2600 kg m − 3 . These values were
hosen as they fall within a realistic range for many sedimentary and
gneous rocks ( Gudmundsson, 2011 ) and they also allow for a realis-
ic and large range of Young’s modulus values for the layer ahead of the
racture tip to be modelled (i.e. 1.25–80 GPa or a Young’s modulus ratio
f 0.125–8). Individual layers are mechanically coupled so as to avoid
ny frictional sliding between the layers. This is a valid assumption for
orizontal layers existing at great depths where the normal stress on
he interfacial plane is likely to be equal or close to the maximum prin-
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
Fig. 3. (a) Model setup. (b) Model setup with mesh displayed. Here the largest element size (3 m) is far away from the fracture tip, and the mesh is finest closer to 
the fracture tip. (c) Zoomed extract of the fracture tip showing the smallest element size (0.006 m) adjacent to the fracture tip. 
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c  ipal compressive stress ( Boersma et al., 2020 ). A contrast or change
n either Poisson’s ratio or density over any realistic range is likely to
ave a negligible effect on stress magnitudes in comparison to a con-
rast or a change in Young’s modulus, as suggested by earlier studies
 Le Corvec et al., 2018 ; Gudmundsson et al., 2013 ) and supported by
ur preliminary numerical modelling results. Consequently, we did not
onduct an extensive study into the effects of Poisson’s ratio or density
ontrast on tensile stress at the fracture tip. 
Unless stated otherwise, the layer ahead is 10 m thick, and the dis-
ance between the fracture tip and the interface with the layer ahead
s also 10 m. As the fracture length is 10 m, both this distance and the
hickness of the layer ahead are equal to 1 fracture length. We consider
hat the results from this study are likely scale dependant. For this rea-
on, we also quote thicknesses and distances in terms of fracture length.
he results can then more easily be applied to hydraulic fractures over
 wide range of sizes. 
When modelling how the thickness of the layer ahead may affect the
ensile stress at the fracture tip we considered a range of thicknesses
or that layer, i.e. between 1 m and 80 m, as this adequately covers the
ange of unit thicknesses found in many sedimentary and volcanic se-
uences. This also represents a range of 0.1–8 fracture lengths. In terms
f hydraulic fractures associated with oil and gas reservoirs, this scale
s likely to be a good representation. However, for dyke/sheet intru-
ions, which can be orders of magnitude larger, a smaller lower bound
imit may be more representative to simulate, for example, fine ash lay-
rs. Due to computational constraints, we were unable to model thinner
ayers as they require substantially smaller mesh element sizes. 
A range of 0.125–64 m from the fracture tip to the layer ahead was
sed when considering how a change in proximity to the interface ahead
ay affect the tensile stress at the fracture tip. This represents a range
f 0.0125–6.4 fracture lengths. Again, this constitutes a realistic range
or hydraulic fractures propagating in both oil and gas reservoirs and
olcanic systems. But for dyke emplacement, a range including a lower
imit might be more representative since these are typically much larger.
or reasons already discussed, it was not possible to model the fracture
ip at such close proximities to the layer ahead due to the same compu-
ational constraints. 
In the case where the Young’s modulus ratio is 1 (i.e. the Young’s
odulus of the host layer and the layer ahead are the same), the model
an be considered homogeneous, and as such any change in the layer
head (position or thickness) should not affect the tensile stress at the
racture tip. However, we found that when modelling the effect of chang-
ng all three parameters simultaneously, there were small differences
mean of < 0.1% difference across all model runs) in the tensile stress
n this homogeneous case. These small differences are caused by an au-
omatic fining of the mesh when the fracture tip is closer to the layer
head, and as the thickness of the layer ahead is reduced. We therefore tormalised the results so that, for the homogeneous case, the tensile
tress was always the same. This allowed for direct comparisons between
odel runs. 
The absolute values in this study are only valid for an example which
atches the model parameters. For this reason, we compare the results
sing a scale related to the length of the fracture, but also report per-
entage changes in the tensile stress at the fracture tip. 
. Results and discussion 
Here we present results from 529 model runs where we investigated
he three variables, namely Young’s modulus contrast, layer thickness,
nd distance from fracture tip to interface. We analyse the variables first
ndividually and then combined. 
.1. Effect of Young’s modulus contrast 
We modelled how the tensile stress at the tip of a fluid-driven frac-
ure was affected by a succeeding layer (referred to as the layer ahead)
ith a Young’s modulus that was different from or contrasting to the
ayer hosting the fracture (referred to as the host layer). The properties
f the host layer remained constant throughout the analysis, namely a
oung’s modulus of 10 GPa, a Poisson’s ratio of 0.25, and a density of
600 kg m − 3 . 
Fig. 4 shows the variation in fracture-tip tensile stress as a function of
oung’s modulus ratio between the host layer and the layer ahead (A),
long with model extracts showing the tensile stress distribution when
he Young’s modulus of the layer ahead was 1.25 GPa (a ratio of 0.125)
B) and 80 GPa (a ratio of 8) (C). Clearly, the contrast in Young’s modu-
us between the host layer and the layer ahead affects the tensile-stress
eld at the tip of the hydraulic fracture. When the Young’s modulus
f the layer ahead and the host layer are the same, i.e. the model is
omogeneous, the tensile stress at the fracture tip is 3.84 MPa. When
he Young’s modulus of the layer ahead is lower than that of the host
ayer, producing a Young’s modulus ratio of < 1, the tensile stress at the
racture tip is higher than in the homogeneous case. This is as expected
ecause a more compliant material with a lower Young’s modulus is
ess able to concentrate stress, and so the tensile stress concentrates in
he (stiffer) host layer. Therefore, for lower Young’s modulus ratios the
ensile stress at the fracture tip is higher. Conversely, when the Young’s
odulus of the layer ahead is higher than in the host layer, producing
 Young’s modulus ratio of > 1, the tensile stress at the fracture tip is
ower than in the homogeneous case. This is because the tensile stress
ecomes concentrated in the stiffer layer ahead (see Fig. 4 C). In both
ig. 4 B and C the tensile stress drops significantly within a few tens of
entimetres from the fracture tip (i.e. from approximately 4 MPa to less
han 0.1 MPa). 
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
Fig. 4. (A) Variation in the tensile stress, 𝜎T , at the fracture tip with Young’s modulus of the layer ahead. The red line depicts the homogeneous case. (B) Tensile 
stress within the model. Warmer colours signify higher tensile stress. In this model the layer ahead had a Young’s modulus of 1.25 GPa (a Young’s modulus ratio of 
0.125), which was the lowest value of Young’s modulus used in our models. In this case the tensile stress at the fracture tip is 4.15 MPa. (C) Is the same as (B) but 
here the layer ahead has a Young’s modulus of 80 GPa (a Young’s modulus ratio of 8), which was the highest value of Young’s modulus used in our models. In this 
case the tensile stress at the fracture tip is 3.6 MPa. Both (B) and (C) are approximately 30 × 30 m insets from the model. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
 
v  
(  
t  
t
 
s  
a  
e  
e  
o  
p  
B  
d
3
 
Y  The variation of tensile stress at the fracture tip with respect to the
ariation in Young’s modulus ratio follows or fits a power-law function
 Fig. 4 A). For the highest Young’s modulus ratio modelled (i.e. 8) the
ensile stress at the fracture tip is 13% lower than that in the model with
he lowest Young’s modulus ratio (i.e. 0.125). 
The results suggest that, for any given value of host-rock tensile
trength, a larger fluid overpressure would be required to propagate
 fracture when the layer ahead is stiffer than the host layer. This is in
xcellent agreement with analytical studies which indicate that many
xtension fractures become arrested at interfaces where the layer ahead s  f the interface is stiffer than the layer below the interface that hosts the
ropagating fracture ( Gudmundsson, 2011 ; Gudmundsson et al., 2010 ;
arnett and Gudmundsson, 2014 ) (i.e. the elastic mismatch mechanism
escribed in the Supplementary Information) 
.2. Changes in thickness of the layer ahead 
To extend our analysis, we now consider how changes in both the
oung’s modulus ratio and the thickness of the layer ahead affect tensile
tress at the fracture tip. We do this by running two sets of models: (1)
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
Fig. 5. Variation in the maximum tensile stress 
𝜎T at the fracture tip with changes in thickness 
of the layer ahead, for Young’s modulus ratios of 
0.5 and 2. A power-law function has been fitted 
to both datasets, and the tensile stress for the ho- 
mogeneous case is plotted as a dashed red line. 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article.) 
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s  odels with a Young’s modulus ratio of 0.5 where we vary the thickness
f the layer ahead from 2 m to 80 m, and (2) models with a Young’s
odulus ratio of 2 where we also vary the thickness of the layer ahead
rom 2 m to 80 m. With both these modulus ratios, the layer ahead
as a Young’s modulus contrast of 2. As in the previous model runs,
he distance between the fracture tip and the interface remains at 10 m
equal to 1 fracture length). 
.2.1. Young’s modulus ratio of 0.5 
When the Young’s modulus of the layer ahead is lower than that of
he host layer, the concentration of tensile stress at the fracture tip is
igher than that of the homogeneous case. This effect is greater when
he more compliant layer ahead is thicker. Thus, the maximum tensile
tress at the fracture tip increases as a (positive) power-law function of
he increase in thickness of the layer ahead ( Fig. 5 ). 
.2.2. Young’s modulus ratio of 2 
When the Young’s modulus of the layer ahead is higher than that
f the host layer, the concentration of tensile stress at the fracture tip
s lower than that of the homogeneous case. This is because much the
tress becomes concentrated in the stiffer layer ahead. Consequently,
he tensile stress at the fracture tip is lower when the comparatively
tiff layer ahead is thicker. The maximum tensile stress at the fracture tip
ecreases as a (negative) power-law function of the increase in thickness
f the layer ahead ( Fig. 5 ). 
In both implementations of the model (ratios of 0.5 and 2) the tensile
tress at the fracture tip approaches the homogeneous value of 3.84 MPa
s the thickness of the layer ahead approaches zero ( Fig. 5 ). Thus, as the
hickness of the layer ahead is decreased, its effect on the tensile stress at
he fracture tip also decreases. When the layer ahead has the maximum
odelled thickness of 80 m, the peak tensile stress is ~4% higher than
he homogeneous value of 3.84 MPa for a modulus ratio of 0.5, and
4% lower for a modulus ratio of 2. .3. Change in distance between the fracture tip and the interface 
Here we consider how changes in the distance from the fracture tip
o the interface affect the tensile stress concentration at the fracture tip
or modulus ratios of 0.5 and 2. In these model runs, the thickness of
he layer ahead is kept constant at one fracture length (10 m). 
.3.1. Young’s modulus ratio of 0.5 
Here the tensile stress at the fracture tip is significantly higher than
or the homogeneous case when the fracture tip is close to the interface
ith the more compliant layer ahead (solid symbols in Fig. 6 ). When
he fracture tip is close to the interface, there is less host-layer material
etween the fracture tip and the interface to dissipate the stress, result-
ng in a greater tensile stress concentration at the fracture tip. Here,
he increase in tensile stress with decreasing distance to the interface is
easonably well fit with a power law. 
.3.2. Young’s modulus ratio of 2 
Under these conditions, the tensile stress at the fracture tip is sig-
ificantly lower than for the homogeneous case when the fracture tip
s close to the interface with the stiffer layer ahead (open symbols in
ig. 6 ). When the fracture tip is closer to the interface with the stiffer
ayer, it concentrates more of the stress, thereby reducing the stress at
he fracture tip. Here, the decrease in tensile stress with decreasing dis-
ance to the interface is also reasonably well fit with a power law. 
For both conditions, the model demonstrates that the tensile stress
t the fracture tip is highly dependant on the proximity of the fracture
o the layer ahead. However, this dependence decreases significantly as
he distance between the fracture tip and the layer ahead is increased.
or both conditions, our data are reasonably well fit by a power law
p to the distance where the tensile stress at the fracture tip is the same
alue as the homogeneous case. At greater distances, it is a poor fit as our
alues for both ratios are the same as the homogeneous case. The results
how that there is essentially no effect on fracture-tip tensile stress in
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
Fig. 6. Variation of the maximum tensile stress 𝜎T 
at the fracture tip with distance from the interface, 
for Young’s modulus ratios of 0.5 and 2. A power- 
law function has been fitted to both sets of model 
output data, and the tensile stress for the homo- 
geneous case is plotted as a dashed red line. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web ver- 
sion of this article.) 
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t  he far-field, where the distance to the interface exceeds approximately
0 m, or 3 fracture lengths 
Furthermore, the magnitude of change in fracture-tip stress depends
n the modulus contrast. For a fracture close (0.125 m) to an inter-
ace with a more compliant layer, where the modulus ratio is 0.5, the
racture-tip tensile stress is 37% higher than in the far-field. By contrast,
or a fracture approaching close to an interface with a stiffer layer, with
 modulus ratio of 2, the fracture-tip tensile stress is 26% lower than in
he far-field. 
In a geological context, these results suggest that, for any given
oading condition, when the tip of a fluid driven fracture approaches
 layer interface, the tensile stress at the fracture tip gradually increases
f the layer being approached is more compliant than the host layer,
ut gradually decreases if the layer being approached is stiffer than
he host layer. Hence, such fractures (for example, dykes) propagat-
ng through a comparatively compliant layer but approaching the in-
erface with a comparatively stiff layer may become arrested well be-
ore they reach the interface - a phenomenon commonly observed in the
eld ( Gudmundsson, 2011 ; Barnett and Gudmundsson, 2014 ) ( Fig. 1 ).
y contrast, a fracture propagating through a comparatively stiff layer
ut approaching the interface with a comparatively compliant layer is
ikely to become arrested only at the actual interface. This interpre-
ation is, again, well supported by field observations which show, for
xample, that most fractures in stiff limestone layers propagate right
p to the interfaces with adjacent and more compliant shale layers
 Gudmundsson, 2011 ). 
Similar observations have been reported from uniaxial compression
ests on samples with multiple layers of granite, sandstone and siltstone
 Douma et al., 2019 ). In these experiments, the samples comprised three
ock layers, with the top and bottom layer being of the same material
nd the middle layer being a contrasting material. Douma et al. (2019 )
haracterised the contrast in mechanical properties using the uncon-
ned compressive strength (UCS) of the different materials, and con-
luded that when the contrast was greatest between the layers fractures
ropagating from the weaker layer would sometimes become arrested h  efore reaching the contact with the stronger layer. Although their work
as based on a comparison of the UCS values of the contrasting layers
ather than Young’s modulus, we consider these results to be a useful
omparison with our work since the two parameters are closely related
 Douma et al., 2019 ). Furthermore, the authors also suggest that as the
ractures in their experiments approach the interface the stress inten-
ity factor at the crack tip approaches zero. As the mode-I stress in-
ensity factor and tensile stress at the crack tip are also closely related
 Forbes Inskip et al., 2018 ; Gudmundsson, 2011 ; Chandler et al., 2016 ;
hang, 2002 ), their results generally support our observations and in-
erpretations. 
.4. Varying all three parameters simultaneously 
Of the three parameters discussed here that influence the fracture-
ip tensile stress, the proximity to the interface between mechanically
issimilar layers appears to have the largest effect, while the thickness
f the layer being approached appears to have the least effect. Never-
heless, it is important to understand how the tensile stress may vary
ith combined changes in all three parameters 
In order to combine changes in all three parameters simultaneously,
e ran a series of multi-parametric model runs with (1) Young’s modulus
atios between 0.0125 and 8, (2) fracture tip to interface proximities
etween 0.125 m and 40 m (0.0125 to 4 fracture lengths), and (3) layer
hicknesses of 1 m and 80 m (0.1 and 8 fracture lengths). The outputs
rom all model runs are provided in the Supplementary Information. A
epresentative selection of the outputs is displayed in Fig. 7 . 
When combining the variations in all three parameters, we find
hat the tensile stress at the fracture tip can range from a minimum of
.81 MPa to a maximum of 11.67 MPa; or approximately 0.5 to 3 times
hat for the homogeneous case ( Fig. 6 ). Unsurprisingly, this range of val-
es is significantly higher than when each of the variables is changed
ndependently. Both the maximum value (approximately 3 times higher
han for the homogeneous case) and the minimum value (approximately
alf that for the homogeneous case) occur when the fracture tip is clos-
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
Fig. 7. Tensile stress at the fracture tip as a func- 
tion of variations in all three parameters: (1) 
Young’s modulus ratios between 0.0125 to 8), (2) 
interface proximities from 0.125 m to 40 m, and 
(3) succeeding layer thicknesses of 1 m and 80 m. 
The tensile stress for the homogeneous case is plot- 
ted as a horizontal dotted black line. All other lines 
plotted are power-law fits for their respective data 
set. 
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t  st to the interface and when the thickness of the layer ahead is greatest
80 m or 8 fracture lengths). 
The highest and lowest tensile stresses occur at the model param-
ter extremes, and while the lower values of Young’s moduli used in
his study are common in terms of up-scaled rock masses, some of the
igher values (i.e. > 20 GPa) may be uncommon, or even unrealistic, for
p-scaled fractured rock masses. A comprehensive study by Heap et al.
2020 ) reviewed existing Young’s moduli data for volcanic rocks, and
howed that even at depth where Young’s moduli values are likely to be
igher than at the surface, volcanic rocks rarely exhibit intact Young’s
oduli greater than 30 GPa. Furthermore, when upscaling these val-
es to take into consideration the presence of macroscopic natural frac-
ures, Heap et al. (2020) found that realistic Young’s moduli values for
olcanic rocks were even lower and rarely above 10 GPa. The intact
oung’s moduli of some sedimentary rocks (in particularly carbonates)
nd metamorphic rocks has been shown to be as high as 80 – 100 GPa
 King, 1983 ; Eissa and Kazi, 1988 ; Brotons et al., 2015 ). However, these
re Young’s moduli values of intact rocks (i.e. taken from plug scale in-
act rock samples) and by extending the work of Heap et al. (2020) to
ther rock types, up-scaled values are likely to be somewhat lower. Bear-
ng this in mind, we nevertheless stress that it is the contrast in Young’s
odulus between the individual layers (rather than the absolute moduli
alues) that is the key parameter to consider in our analysis. Therefore,
ven though our study contains model iterations with Young’s moduli
alues of 10 GPa and 80 GPa for the host layer and layer ahead, re-
pectively, which may be uncommon for a volcanic complex in situ, a
oung’s modulus ratio of 8 is not uncommon. 
For model iterations with less severe variations in Young’s modulus
atio, layer thickness and interfacial proximity, the variations in tensile
tress at the fracture tip are smaller but remain significant. For exam-
le, when the thickness of the layer ahead is only 1 m, and the fracture
ip is 0.125 m from the interface, we still observe maximum and min-
mum tensile stresses that are 66% higher (6.36 MPa) and 41% lower
2.28 MPa) than the homogeneous value, and thus still significant. For
xample, in the Vaca Muerta formation of Argentina (a layered uncon-entional hydrocarbon reservoir, where layers of organic-rich shale are
nterbedded with other units such as limestone, ash beds and sills), in-
ividual layer thicknesses vary from a few centimetres to a few metres
 Sosa et al., 2017 ). Therefore, if a fluid-driven fracture of length < 10 m
ere modelled assuming a homogeneous formation with no mechanical
ontrast between layers, the resulting stress magnitudes would likely
ontain significant errors when compared with a more realistic, hetero-
eneous layered model. 
The same is true for crustal segments hosting volcanoes where in-
ividual (commonly compliant) pyroclastic layers can range in thick-
ess from a few tens of centimetres to tens or even hundreds of me-
res ( Gudmundsson, 2020 ), whereas (significantly stiffer) sills and lava
ows may be as thick as tens or (particularly sills) hundreds of metres.
he tensile stress at the tip of a dyke with a height (dip dimension) of
 1 km may be very different depending on whether the hosting crustal
egment is modelled as being homogeneous or heterogeneous (i.e. con-
aining layering). Stratovolcanoes normally contain many compliant py-
oclastic (tuff) layers alternating with much stiffer lava flows (and some
ills) through which dykes must propagate in order to reach the sur-
ace to erupt ( Gudmundsson, 2009 ). Most dykes, however, do not reach
he surface but rather become arrested at some depth in the volcano
 Gudmundsson, 2011 ; Barnett and Gudmundsson, 2014 ; Geshi et al.,
012 ; Gudmundsson and Philipp, 2006 ). Based on the model presented
ere, dyke arrest when the layer ahead (above the interface) is more
ompliant than the layer hosting the dyke tip is most likely to oc-
ur directly at the interface. This follows because the tensile stress at
he fracture tip increases as it approaches the interface, encouraging
urther propagation. This comparatively high tensile stress may also
elp to open the interface, resulting in a Cook-Gordon delamination
 Gudmundsson, 2011 ; Barnett and Gudmundsson, 2014 ). By contrast,
yke arrest when the layer ahead is stiffer than the host layer can occur
ither at the interface itself, or at some distance before the interface is
eached. This occurs because the tensile stress at the dyke tip decreases
s it approaches the interface. Thus, the arrest location is not confined
o the interface itself, but actually becomes increasingly more likely as
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Fig. 8. Examples of how a fracture may become arrested based on mechanical layering and fracture length (dip dimension) for a dyke in a stratovolcano and a 
hydraulic fracture propagating from a horizontal well in a sedimentary basin. (A) Fracture is propagating from a relatively compliant layer (tuff in a volcano and 
shale in a sedimentary basin) towards a comparatively stiff layer (lava flow in the volcano and limestone in the sedimentary basin), where the fracture length is 
approximately the same as the thickness of the layer ahead. Here the fracture may become arrested before reaching the interface between the two layers. (B) Fracture 
is propagating from a relatively stiff layer towards a comparatively compliant layer, where the fracture length is approximately the same as the thickness of the layer 
ahead. Here the fracture is more likely to reach, and be arrested at, the interface between the two layers. (C) Fracture has originated from a relatively compliant 
layer compared to the comparatively stiff layer above, but where the fracture length is much greater than the thickness of the layer ahead. Here the effects of the 
stiffer layer ahead in reducing the tensile stress at the fracture tip are overcome by the length of the fracture being much greater than the thickness of the layer ahead 
and, as such, the fracture is more likely to propagate from the compliant layer into the stiff layer. 
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with field observations of arrested extension fractures. he dyke tip approaches the interface. This is, indeed, what is commonly
bserved in the field ( Fig. 1 ). Furthermore, the reduction in the fracture
ip tensile stress as the tip comes into closer proximity with the interface
ith a stiffer layer is one of the primary reasons why elastic mismatch
ommonly leads to fracture arrest. Thus, the present numerical model
rovides strong support for the elastic mismatch mechanism of fracture
rrest ( Gudmundsson et al., 2010 ) which is based on analytical consid-
rations, but only considers arrest at an interface. More specifically, our
esults indicate that when mode I (extension) fractures approach an in-
erface, arrest of the fracture tip is most likely when the layer ahead of
he interface is stiffer than the layer hosting the fracture tip ( Fig. 8 ). 
The results of this study demonstrate the importance of correctly
dentifying layering within geological sequences in order to understand
he likelihood of fracture arrest. Specifically, it is important to ascer-
ain individual layer thicknesses, the Young’s moduli of the individual
ayers and the proximity of propagating fractures to the layers ahead
i.e. the interfacial distance). In reality it can be difficult to determine
hese parameters. However, using a combination of field and laboratory
ethods it is possible to determine these parameters to at least a first or-
er approximation. For example, the Young’s modulus of the individual
ayers (and therefore the modulus contrast between layers) can be deter-
ined using standard laboratory experiments on samples gathered from
ore or outcrop material ( Heap et al., 2020 ; Heap and Faulkner, 2008 ;
SRM, 1970 ). The dynamic Young’s modulus can also be calculated from
elocity data gathered using sonic well log tools ( Heap et al., 2020 ;
issa and Kazi, 1988 ; Brotons et al., 2015 ). As it is the Young’s modulus
ontrast between layers that is important rather than Young’s modulus
f individual layers, as a first order approximation either dynamic or
tatic Young’s moduli values can be used (as long as static values are
ompared to static values and dynamic values are compared to dynamic
alues). Fracture locations can be determined using microseismic moni-
oring in actively producing hydrocarbon reservoirs ( Maxwell and Nor-
on, 2012 ; Majer et al., 2007 ; Karamzadeh et al., 2019 ). Although this
ay not give a precise location of the fracture tip, continuous monitor-
ng during stimulation treatments will provide an approximate location.
ndividual layer thicknesses can be determined from either core or well
og data, should they exist, or from seismic survey data. Unfortunately
t can be difficult to distinguish individual layers from seismic surveyata alone, unless the layers are particularly thick or have a signifi-
ant velocity contrast to adjacent layers ( Widess, 1973 ; Mavko et al.,
009 ; Chung and Lawton, 1999 ). Muon tomography can also be used
o understand the structure of layered sequences, and has been used
o map the structure of active stratavolcanoes ( Nishiyama et al., 2014 ;
esparre et al., 2012 ; Le Gonidec et al., 2019 ). 
. Conclusions 
This study presents outputs from a series of numerical models which
ighlight how crustal layering affects fracture propagation. Our mod-
ls simulate fluid-pressure driven mode-I fractures which are analogous
o volcanic intrusions such as dykes and man-made hydraulic fractures
hich are often generated to stimulate oil and gas reservoirs. The re-
ults, however, may be applicable to other modes of fracture propaga-
ion, with some modifications. 
In our models, we altered the thickness of the layer ahead of a prop-
gating fracture, the proximity of the fracture tip to the interface with
he layer ahead, and the Young’s modulus contrast between the layer
osting the fracture and the layer ahead. The results show that all three
arameters affect the tensile stress concentration at the fracture tip, and
herefore also influence the potential for fracture propagation or, alter-
atively, arrest. Overall, the model results show that: 
• Tensile stress at the fracture tip increases as the tip approaches an
interface if the layer ahead (above the interface) is more compliant
than the layer hosting the fracture tip, but decreases when the layer
ahead is stiffer than the hosting layer. 
• The contrast in Young’s modulus between the layers (elastic mis-
match) has a larger effect on the fracture-tip tensile stress as the
layer ahead of the propagating fracture increases in thickness and as
the proximity of the fracture tip to the interface decreases. 
• Fracture arrest is most likely to occur exactly at the interface when
the layer ahead is more compliant than the host layer. By contrast,
when the layer ahead is stiffer than the host layer fracture arrest
can occur either at the interface, or at some distance within the host
layer before the interface is reached. These results are in agreement
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
D
 
i  
t
A
 
r  
k  
N  
o  
w  
t  
c
S
 
t
R
A  
B  
 
B  
 
B  
B  
 
B  
 
 
C  
 
C  
C  
D  
 
E  
F  
F  
 
G  
 
G  
 
G  
G  
G  
G  
G  
G  
 
G  
G  
 
H  
 
H  
 
 
I  
K  
 
 
K  
 
K  
K  
 
K  
 
L  
L  
 
L  
 
L  
 
L  
 
M  
 
M  
 
M  
 
M  
M  
M  
 
M  
 
 
M  
N  
 
 
 
S  
S  
 
 
S  
 
T  
T  
T  
T  eclaration of Competing Interest 
The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 
cknowledgements 
We thank the editor Ozgen Karacen, Mike Heap and an anonymous
eviewer for comments that helped improve the manuscript. NFI ac-
nowledges financial support from the NERC CDT in Oil and Gas (Grant
E/M00578X/1) throughout his Ph.D. at Royal Holloway, University
f London. Without this support this work would not be possible. NFI
ould also like to thank Rhys Davies for helpful discussions related to
he empirical fitting of data. JB also acknowledges support from Fonde-
yt award 11190143 and Fondap-Conicyt 15090013. 
upplementary materials 
Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.ringps.2020.100001 . 
eferences 
madei, B. , Stephansson, O. , 1997. Rock Stress and Its Measurement, 1st ed. Springer,
Berlin, Berlin . 
arnett, Z.A., Gudmundsson, A., 2014. Numerical modelling of dykes deflected
into sills to form a magma chamber. J. Volcanol. Geotherm. Res. 281, 1–11.
doi: 10.1016/j.jvolgeores.2014.05.018 . 
oersma, Q.D., Douma, L.A.N.R., Bertotti, G., Barnhoorn, A., 2020. Mechanical controls
on horizontal stresses and fracture behaviour in layered rocks : a numerical sensitivity
analysis. J. Struct. Geol. 130, 103907. doi: 10.1016/j.jsg.2019.103907 . 
onafede, M. , Rivalta, E. , 1999. The tensile dislocation problem in a layered elastic
medium. Geophys. J. Int. 136, 341–356 . 
renner, S.L., Gudmundsson, A., 2004. Arrest and aperture variation of hy-
drofractures in layered reservoirs. Geol. Soc. Lond. Spec. Publ. 231, 117–128.
doi: 10.1144/GSL.SP.2004.231.01.08 . 
rotons, V., Tomás, R., Ivorra, S., Grediaga, A., Martínez-Martínez, J., Benavente, D.,
Gómez-Heras, M., 2015. Improved correlation between the static and dynamic elastic
modulus of different types of rocks. Mater. Struct. doi: 10.1617/s11527-015-0702-7 ,
[In press]. 
handler, M.R., Meredith, P.G., Brantut, N., Crawford, B.R., 2016. Fracture
toughness anisotropy in shale. J. Geophys. Res. Solid Earth. 121, 1–24.
doi: 10.1002/2015JB012756 . 
handler, M.R. , 2014. A Fracture Mechanics Study of an Anisotropic Shale, PhD. Univer-
sity College London . 
hung, H.-.M. , Lawton, D. , 1999. A quantitative study of the effects of tuning on AVO
effects for thin beds. Can. J. Explor. Geophys. 35, 36–42 . 
ouma, L.A.N.R., Regelink, J.A., Bertotti, G., Boersma, Q.D., Barnhoorn, A., 2019. The
mechanical contrast between layers controls fracture containment in layered rocks. J.
Struct. Geol. 127, 103856. doi: 10.1016/j.jsg.2019.06.015 . 
issa, E.A., Kazi, A., 1988. Relation between static and dynamic Young’s moduli of rocks.
Int. J. Rock Mech. Min. Sci. 25, 479–482. doi: 10.1016/0148-9062(88)90987-4 . 
isher, K., Warpinski, N., 2012. Hydraulic-fracture-height growth : real data. Soc. Pet.
Eng. doi: 10.2118/145949-PA . 
orbes Inskip, N.D., Meredith, P.G., Chandler, M.R., Gudmundsson, A., 2018. Fracture
properties of Nash Point shale as a function of orientation to bedding. J. Geophys.
Res. Solid Earth 1–17. doi: 10.1029/2018JB015943 . 
eshi, N., Kusumoto, S., Gudmundsson, A., 2012. Effects of mechanical layering of
host rocks on dike growth and arrest. J. Volcanol. Geotherm. Res. 223–224, 74–82.
doi: 10.1016/j.jvolgeores.2012.02.004 . 
hani, I., Koehn, D., Toussaint, R., Passchier, C.W., 2015. Dynamics of hydrofrac-
turing and permeability evolution in layered reservoirs. Front. Phys. 3, 1–16.
doi: 10.3389/fphy.2015.00067 . 
udmundsson, A., 2009. Toughness and failure of volcanic edifices. Tectonophysics 471,
27–35. doi: 10.1016/j.tecto.2009.03.001 . 
udmundsson, A. , 2011. Rock Fractures in Geological Processes. Cambridge University
Press, Cambridge . 
udmundsson, A., 2016. The mechanics of large volcanic eruptions. Earth Sci. Rev. 163,
72–93. doi: 10.1016/j.earscirev.2016.10.003 . 
udmundsson, A. , 2020. Volcanotectonics: Understanding the Structure, Deformation,
and Dynamics of Volcanoes. Cambridge University Press, Cambridge . 
udmundsson, A., De Guidi, G., Scudero, S., 2013. Length–displacement scaling and fault
growth. Tectonophysics 608, 1298–1309. doi: 10.1016/j.tecto.2013.06.012 . 
udmundsson, A., Fjeldskaar, I., Brenner, S.L., 2002. Propagation pathways and fluid
transport of hydrofractures in jointed and layered rocks in geothermal fields. J. Vol-
canol. Geotherm. Res. 116, 257–278. doi: 10.1016/S0377-0273(02)00225-1 . 
udmundsson, A., Philipp, S.L., 2006. How local stress fields prevent volcanic eruptions.
J. Volcanol. Geotherm. Res. 158, 257–268. doi: 10.1016/j.jvolgeores.2006.06.005 . udmundsson, A., Simmenes, T.H., Larsen, B., Philipp, S.L., 2010. Effects of internal struc-
ture and local stresses on fracture propagation, deflection, and arrest in fault zones.
J. Struct. Geol. 32, 1643–1655. doi: 10.1016/j.jsg.2009.08.013 . 
eap, M.J., Faulkner, D.R., 2008. Quantifying the evolution of static elastic properties
as crystalline rock approaches failure. Int. J. Rock Mech. Min. Sci. 45, 564–573.
doi: 10.1016/j.ijrmms.2007.07.018 . 
eap, M.J., Villeneuve, M., Albino, F., Farquharson, J.I., Brothelande, E.,
Amelung, F., Got, J., Baud, P., 2020. Towards more realistic values of elas-
tic moduli for volcano modelling. J. Volcanol. Geotherm. Res. 390, 106684.
doi: 10.1016/j.jvolgeores.2019.106684 . 
SRM, Suggested Method For Determining Deformability of Rock Materials in Uniaxial
Compression, (1970) 138–140. 
aramzadeh, N., Kühn, D., Kriegerowski, M., Ángel, J., Comino, L., Cesca, S., 2019.
Small - aperture array as a tool to monitor fluid injection - and extraction - induced
microseismicity : applications and recommendations. Acta Geophys. 67, 311–326.
doi: 10.1007/s11600-018-0231-1 . 
avanagh, J.L., Boutelier, D., Cruden, A.R., 2015. The mechanics of sill inception, propa-
gation and growth : experimental evidence for rapid reduction in magmatic overpres-
sure. Earth Planet. Sci. Lett. 1, 1–12. doi: 10.1016/j.epsl.2015.03.038 . 
avanagh, J.L., Menand, T., Daniels, K.A., 2013. Gelatine as a crustal analogue: determin-
ing elastic properties for modelling magmatic intrusions. Tectonophysics 582, 101–
111. doi: 10.1016/j.tecto.2012.09.032 . 
avanagh, J.L., Rogers, B.D., Boutelier, D., Cruden, A.R., 2017. Controls on sill and dyke-
sill hybrid geometry and propagation in the crust: the role of fracture toughness.
Tectonophysics 698, 109–120. doi: 10.1016/j.tecto.2016.12.027 . 
ing, M.S., 1983. Static and dynamic elastic properties of rocks from the Cana-
dian shield. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 20, 237–241.
doi: 10.1016/0148-9062(83)90004-9 . 
arsen, B., Gudmundsson, A., 2010. Linking of fractures in layered rocks: implications for
permeability. Tectonophysics 492, 108–120. doi: 10.1016/j.tecto.2010.05.022 . 
e Corvec, N., Muirhead, J.D., White, J.D.L., 2018. Shallow magma diver-
sions during explosive diatreme-forming eruptions. Nat. Commun. 9, 1459.
doi: 10.1038/s41467-018-03865-x . 
e Gonidec, Y., Ars, J.D.B., Carlus, B., Ianigro, J., 2019. Abrupt Changes of Hydrothermal
Activity in a Lava Dome Detected By Combined Seismic and Muon Monitoring, 1–9.
doi: 10.1038/s41598-019-39606-3 . 
ee, H.P., Olson, J.E., Holder, J., Gale, J.F.W., Myers, R.D., 2015. The interaction of prop-
agating opening mode fractures with preexisting discontinuities in shale. J. Geophys.
Res. Solid Earth 120, 169–181. doi: 10.1002/2014JB011358 . 
esparre, N., Gibert, D., Marteau, J., Nicollin, F., Coutant, O., 2012. Density Muon Radio-
graphy of La Soufri ‘ Comparison With Geological, Electrical Resistivity and Gravity
Data, 1008–1019. doi: 10.1111/j.1365-246X.2012.05546.x . 
accaferri, F., Bonafede, M., Rivalta, E., 2010. A numerical model of
dyke propagation in layered elastic media. Geophys. J. Int. 1107–1123.
doi: 10.1111/j.1365-246X.2009.04495.x . 
accaferri, F., Bonafede, M., Rivalta, E., 2011. A quantitative study of the mechanisms
governing dike propagation, dike arrest and sill formation. J. Volcanol. Geotherm.
Res. 208, 39–50. doi: 10.1016/j.jvolgeores.2011.09.001 . 
ajer, E.L., Baria, R., Stark, M., Oates, S., Bommer, J., Smith, B., Asanuma, H., 2007.
Induced seismicity associated with enhanced geothermal systems. Geothermics 36,
185–222. doi: 10.1016/j.geothermics.2007.03.003 . 
avko, G. , Mukerji, T. , Dvorkin, J. , 2009. The Rock Physics Handbook, Second ed. Cam-
bridge University Press . 
axwell, S. , Norton, M. , 2012. Enhancing shale gas reservoir characterization using hy-
draulic fracture microseismic data. First Break 30, 95–101 . 
cGinnis, R.N., Ferrill, D.A., Morris, A.P., Smart, K.J., Lehrmann, D., 2017. Mechanical
stratigraphic controls on natural fracture spacing and penetration. J. Struct. Geol. 95,
160–170. doi: 10.1016/j.jsg.2017.01.001 . 
ontgomery, C.T. , Smith, M.B. , Technologies, N.S.I. , Fracturing, H. , Cooke, C.E. , Dol-
larhide, F.E. , Elbel, J.L. , Fast, C.R. , Hannah, R. , Harrington, L.J. , Perkins, T.K. ,
Prats, M. , Van Poollen, H.K. , 2010. Hydraulic fracturing, history of an enduring tech-
nology. J. Pet. Technol. 26–41 . 
üller, W., 1986. Brittle crack growth in rocks. Pure Appl. Geophys. 124, 693–709.
doi: 10.1007/BF00879605 . 
ishiyama, R., Tanaka, Y., Okubo, S., Oshima, H., Tanaka, H.K.M., Maekawa, T., 2014.
Integrated processing of muon radiography and gravity anomaly data toward the re-
alization of high-resolution 3-D density structural analysis of volcanoes : case study
of Showa-Shinzan lava dome, Usu, Japan. J. Geophys. Res. Solid Earth 699–710.
doi: 10.1002/2013JB010234.Abstract . 
egall, P., 2010. Earthquake and Volcano Deformation, doi: 10.1002/0471743984.
vse7429 . 
mart, K.J., Ofoegbu, G.I., Morris, A.P., McGinnis, R.N., Ferrill, D.A., 2014. Geome-
chanical modeling of hydraulic fracturing: why mechanical stratigraphy, stress
state, and pre-existing structure matter. Am. Assoc. Pet. Geol. Bull. 98, 2237–2261.
doi: 10.1306/07071413118 . 
osa, A., Espinoza, D.N., Frydman, M., Barredo, S., Cuervo, S., 2017. Analyzing a suitable
elastic geomechanical model for Vaca Muerta Formation. J. South Am. Earth Sci. 79,
472–488. doi: 10.1016/J.JSAMES.2017.09.011 . 
aisne, B., Jaupart, C., 2009. Dike propagation through layered rocks. J. Geophys. Res.
114. doi: 10.1029/2008JB006228 . 
aisne, B., Tait, S., Jaupart, C., 2011. Conditions for the arrest of a vertical propagating
dyke. Bull. Volcanol. 191–204. doi: 10.1007/s00445-010-0440-1 . 
ang, H., Li, S., Zhang, D., 2018. The effect of heterogeneity on hydraulic fracturing in
shale. J. Pet. Sci. Eng. 162, 292–308. doi: 10.1016/j.petrol.2017.12.020 . 
eufel, L., Clark, J., 1984. Hydraulic fracture propagation in layered rock: experimental
studies of fracture containment. Soc. Pet. Eng. J. 24, 19–32. doi: 10.2118/9878-PA . 
N.D. Forbes Inskip, J. Browning and P.G. Meredith et al. Results in Geophysical Sciences 1–4 (2020) 100001 
V  
 
W  
Y  
 
Z  
 
Z  
 irgo, S., Abe, S., Urai, J.L., 2014. The evolution of crack seal vein and fracture networks
in an evolving stress field: Insights from Discrete Element Models of fracture sealing.
J. Geophys. Res. Solid Earth. 8708–8727. doi: 10.1002/2014JB011520 . 
idess, M.B., 1973. How thin is a thin bed? Geophysics 38, 1176–1180.
doi: 10.1190/1.1440403 . 
ao, Y., 2012. Linear elastic and cohesive fracture analysis to model hydraulic
fracture in brittle and ductile rocks. Rock Mech. Rock Eng. 45, 375–387.
doi: 10.1007/s00603-011-0211-0 . hang, Z.X., 2002. An empirical relation between mode I fracture toughness and
the tensile strength of rock. Int. J. Rock Mech. Min. Sci. 39, 401–406.
doi: 10.1016/S1365-1609(02)00032-1 . 
hao, J., Chen, X., Li, Y., Fu, B., Xu, W., 2017. Numerical simulation of multi-stage fractur-
ing and optimization of perforation in a horizontal well. Pet. Explor. Dev. 44, 119–126.
doi: 10.1016/S1876-3804(17)30015-0 . 
